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HOW THE OUTPUT CAPACITOR CAN
CAUSE INSTABILITY OF A POWER

SUPPLY

Eleazar Falco
Application Engineer

WURTH ELEKTRONIK MORE THAN YOU EXPECT



AGENDA

* Review of feedback loop stability basics
* The output capacitor in a VM-CCM buck converter 74N
« The output capacitor in the power stage transfer function

 Impact of output capacitor parameter variations

* Design cases with real measurements:

» Adding/removing bulk capacitor

« Same capacitance, different ESR

» A stable control-loop for any output capacitor?
- Q&A

2 | HOW THE OUTPUT CAPACITOR CAN CAUSE INSTABILITY OF A POWER SUPPLY

ELEAZAR FALCO | 2024 |



REVIEW OF FEEDBACK LOOP STABILITY
CONCEPTS




REVIEW OF BASICS - FEEDBACK LOOP STABILITY OF DC-DC CONVERTERS

The blocks in the control loop of a DC-DC converter

Voltage-mode buck converter with op-amp based type-3 compensator

H(s) — Plant TF (a.k.a. control-to-output) Vi, N Vout
167 T
Gps(s) Gate ,l\ Cout RL
Power Stage B ;|;
(e.g. buck, boost, flyback, ...) Vgi(s) Vout(s)
— 4 |
Duty-cycle R C
Vgi(s) Vout(s) Generator i ! R;
dt ] ||_" R,
\4
Vad G
Gafs) cls) Vels) | ) 1
Duty-cycle Vcls) Compensator $ Vet
Generator % TF Riow
(e.g. VM, CM, ..) (various types)
H(s) C(s)
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REVIEW OF BASICS - FEEDBACK LOOP STABILITY OF DC-DC CONVERTERS

Open-loop transfer function and basic stability criteria

Control-loop block diagram for AC (s-domain) Voltage-mode buck converter with op-amp based type-3 compensator
Inversion (-180°) Gain=1 and ®=-180° Vin : N - Vour
\/\ ............................................................. > /\/ 111 L J_
Vref + ! Cls) Ve(s) . H Vout(s) | Coi R
Virtual GND’ _O S >| H(s) Sver ;L
T /\/ th(s) Vout(s)
G '
Duty-cycle
Generator

Open-loop TF — Ggy (s)=C(s)-H(s)

10
Rz C1 R3
— +—F—+¢ R,
Vg C

3
Stability criteria (only one crossover): Vels) )J/ Ny T
RN ref
For IG,(f.)I=0 dB (Gain=1) then: $§ Riow
®(GOL(fc))>-180° H(s) C(s)

5 | HOW THE OUTPUT CAPACITOR CAN CAUSE INSTABILITY OF A POWER SUPPLY

ELEAZAR FALCO | 2024 |



REVIEW OF BASICS - FEEDBACK LOOP STABILITY OF DC-DC CONVERTERS

Stability measurement: the voltage injection method

How we will be measuring it: Voltage-mode buck converter with op-amp based type-3 compensator
Inversion is included in the measured compensator frequency response
(negative feedback). It cannot be separated. V Vv
In ) out
___________________ 1yl

Driver £___%

' Vcls)
‘Virtual GND' “_tO_’ C(s) : c® H(s) Vout(s)

Duty-cycle
Generator

Sinusoidal

Open-loop TF — Ggy(s)=-C(s)-H(s)

®(GOL(fc))>-360° | (not-180°!)

(*) See for reference: DC-DC Converter Stability Measurement, \/3.3, Application Note, Omicron Lab
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REVIEW OF BASICS - FEEDBACK LOOP STABILITY OF DC-DC CONVERTERS

A measurement example: plant, compensator and open-loop response with stability margin

Plant (H(s)) Compensator (-C(s)) Open-loop (Gg(s))
50 250
45 Magnitude (dB) Phase (°)
20 200
> 150
& 30
e
b 25 & 100
< 20 O
215 & 50 A
S 10 o Phase Margin (PM) ~ 60°
s s E= ) 4
©
£ 0 U]
© N -
(U o 50
'_“ -10 é 100
é’ -15
-20 -150
-25
-30 -200
-35
40 : -250 :
100 1k 10k fc =21kHz 100k 100 1k 10k fc =21kHz 100k

Frequency (Hz) Frequency (Hz)
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THE OUTPUT CAPACITOR IN AVM-CCM
BUCK CONVERTER




THE OUTPUT CAPACITOR IN A VM-CCM BUCK CONVERTER

The plant or control-to-output transfer function of a VM-CCM Buck converter

H(s) — Plant or Control-to-output TF

Vi 1 : v power stage
DC-Gain — Go= -1 ESR Zero —» = ———— L A Hr
Saw FCout Cout : 1yl L erfreneens

: | E l Cout E RL
H Gate '\ R PR 5
H Driver £___%

s R U IR
Hig)o Yout®) ¢ () ) :
" ovels) T 0( s 52 ) D : G,
1+Q‘T+ p) (1 q
0 (1)0 Rz C1 R3
/ H—+H— R

Vd Cs

Resonant double-pole )/ T
: g é TN Ve
o= o [ - 1 : T AL

RL+TCout ~Cout L Tider RL : :
\/L'th- R+ der Cout (rLder+RL) +Cout* "LdertRL : duty-cycle type-3
: generator i compensator

(*) See for reference: Switch-Mode Power Supplies: SPICE Simulations and Practical Designs, Second Edition McGraw-Hill Professional, 2014, written by C. Basso
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THE OUTPUT CAPACITOR IN A VM-CCM BUCK CONVERTER

The DC or low-frequency gain term

Example Gy=21.2 dB
V.
DC-Gain — Gg=—" _Magnitude vs Frequency
saw
—~ 22+

s

o 215
©
=)

£ 21
s 2

<1+—> = 205

H(s)=Gg" z ¥ R I R
- s2 20
1+ + 5 10" 102 103 10* 10° 108
QwO wo frequency (Hz)
; Phase vs Frequency

0.5

2 0
@©
e
o

0.5

10" 102 10° 10% 10° 10°

frequency (Hz)
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THE OUTPUT CAPACITOR IN AVM-CCM BUCK CONVERTER
The ESR zero

Example f;=18 kHz

1

'Cout Cout

ESR Zero — wz= _Magnitude vs Frequency

IS
o

w
o
T

Magnitude (dB)
N
o

S L
<1+w_> 10
_ z
H(S)-Go . 2 0 T
<1+Q'w + 2) 10" 102 10° 104 fy 10° 10°
0 wo frequency (Hz)
Phase vs Frequenc
100 SRR LRLLE LA UL
3 50
(]
e
o
«ry L MR | L L L
10’ 102 10° 10* fy 10° 108

frequency (Hz)
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THE OUTPUT CAPACITOR IN A VM-CCM BUCK CONVERTER

The resonant double-pole

Example fg=3.4 kHz, Q=1.7

Magnitude vs Frequency

—~ 0
m
R
(0]
©
2
= 50
(o))
S ©
<1+—> s
Wz

H(S)=G0‘ 3 100 LN
<1+ e 2) 10’ 102 10°  fg  10* 10° 10°
Q wo wQ frequency (Hz)
Phase vs Frequency
/ 0 T T T T |
—~ 50
Resonant double-pole =
@ 100
wQ= ! Q= L _ 1 - 150 |-
R +Icout | Cout L MLderRL
Lc . ou +r + -200 P | R | T B | il R
\] OUL R| +r der Cout M dertRL) ™ COUt T g+ RL 10" 102 10 fg 10 10° 108
frequency (Hz)
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THE OUTPUT CAPACITOR IN A VM-CCM BUCK CONVERTER

Adding magnitude and phase curves of each term to obtain the plant frequency response

13|

DC-Gain

ESR-zero

Double-pole
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Magnitude vs Frequency

Magnitude (dB)

Phase (°)

Magnitude vs Frequency

40 T T T g
20 F T
0r _
20 F _
40 t il Ll il - il =
10" 102 10° 10% 10° 10°
frequency (Hz)
Phase vs Frequency
0 T TTTT] T T 1T T T TTT] T T 1T T T TTT] '_
50 | _
-100 - B
-150 - T
il | L A | L M R R | i1
10" 102 103 10% 10° 10°
frequency (Hz)



THE OUTPUT CAPACITOR IN A VM-CCM BUCK CONVERTER
\VM-CCM buck specification used for the example

Magnitude vs Frequency

cr o 40 T R T L T T R R
Example Specification: Go Q
- g = e |
> Vin= 24\/ § ol |
Vout= 5V CEg“)-ZO i i
e l,k=2A | :
Gg=21.24 dB ) S SV RS S S A S S5 R S s S
* F,,=500kHz 10" 102 10° fo 104 fz 10° 108
fz=18 kHz frequency (Hz)
* L=10pH - Q=1.73 Phase vs Frequency
=1. 0 T T T T TTTTT T T T T TTTT] T 'i"""l i' T 1T T T TTT]
* DCR=50mQ ! .
f0=3.4 kHz
e C,=220pF Z 0r
(]
(2]
e ESR=40mQ g -100 -
© V=2V -150 |- i i i
10" 102 103 fo 10¢ fz 10° 10°

frequency (Hz)
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THE OUTPUT CAPACITOR IN A VM-CCM BUCK CONVERTER

Selecting target crossover frequency range of the open-loop transfer function based on plant characteristic

Magnitude vs Frequency
BRI T T T T T T

N
o

N
o
T

1

Magnitude (dB)
o
T
1

« Target crossover frequency range 20 T
fo/3 < fc < f,,/5 -40 & g R =
_ 10" 102 103 104 10° 108
* Inthis example: frequency (Hz)
Phase vs Frequency
fo=3.4 kHzand f,, = 500 kHz P . . " ... .4 —— 15 520
10 kHz < fc < 100 kHz sl |
o
(2]
T 100+ ]
o
-150 - T
Ll L M R R | L ool L P R A |
10" 102 103 10% 10° 10°

frequency (Hz)
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HOW VARIATIONS IN OUTPUT CAPACITOR
PARAMETERS IMPACT THE PLANT
CHARACTERISTIC




HOW OUTPUT CAPACITOR VARIATIONS AFFECT THE PLANT RESPONSE

Example: Impact of capacitance variations with fixed ESR

Magnitude vs Frequency

40 T f 3y ar T
02 01 z2 z1
. >
Fixed ESR = 10 mQ o 2T ]
;g; oL \ i
Cout = 22 WF | —> f,,=723 kHz, f5,=11 kHz, Q,=1.65 5 \ |
= = Z, = Z, = 1.
out1 H 1 01 1 g ol \ ]
Couz = 100 pF | — f,,=160kHz, f;,=5.1 kHz, Q,=2.3 -60 = : = e AR
10 10° 104 10%
— _ _ _ frequency (Hz)
0 .,Q fo1 f22 fz1i 7
Large change of f, and f, - Small change of Q = 0r \\ i
()
Gain difference up to ~ 25 dB (@20 kHz) 8 100 ///:
o
Phase difference up to ~ 65° (@100 kHz) 1501 //_
102 103 104 10°
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HOW OUTPUT CAPACITOR VARIATIONS AFFECT THE PLANT RESPONSE

Example: Impact of ESR variations with fixed capacitance

Magnitude vs Frequency

Gain difference up to ~ 18 dB (@ 100 kHz)

Phase (°)

40 T L L LT " .- T [
z2 z1
R
Fixed C,, = 47 uF g 2f \ 1
o Of .
S o —
T 20 |
ESR,=10mQ | —> f,,=340kHz, f;,=7.5 kHz, Q;=2.1 g i s
40 F 7
\
ESR, =100 mQ | —> f,,=34 kHz, f,,=7.2 kHz, Q,=1.5 T . ' B
102 103 104 10° 10°
— _ _ _ frequency (Hz)
ESR3 - 300 mQ H fz3—1 1.3 kHZ, fo3—6.7 kHZ, Q3—O-9 Phase vs Frequency
0 I R EmEaas fF10
Large change of f, - Small change of f,and Q o \ :
/

Phase difference of~ 90° (entire range) 150

-100 fo1 k’
fo2

10 103 104 10° 108
frequency (Hz)

1 8 | HOW THE OUTPUT CAPACITOR CAN CAUSE INSTABILITY OF A POWER SUPPLY

ELEAZAR FALCO | 2024 |




DESIGN CASE EXAMPLE:
IMPACT OF BULK CAPACITOR




DESIGN CASE EXAMPLE: IMPACT OF BULK CAPACITOR

Selecting output capacitor(s) for switching frequency ripple attenuation (Co1)

REDEXPERT DATA: WCAP-CSGP-885012209028

® Vln = 12 V
Vour=5V -
* lo=4A
* Fg, =400 kHz S
2 100 mQ -
 L=4.7pH (MAPI 74438367047) }é - 1
- 0
* AV, <0.5%0fV,,(i.e. 25 mV) e W
g' 10 mQ 4
(&
C AIL 1.7 9 uF ]
> = =~ ,
017 8 fou-MVoyt  8400k-0.025 - F 700%
0.0 % r—r=t — — ey — - 1mQ Rt aias et
ov FXIR@ 10V 15V 20V 25V 30V ¢ '
* (Co1=3xWCAP-CSGP 885012209028 - DC-bias Voltage \-\\'C»Q\ S

Equivalent: 28 pF, 0.7 mQ

Frequency

0.947-10pF= 9.45 F
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DESIGN CASE EXAMPLE: IMPACT OF BULK CAPACITOR

Selecting output capacitor for transient response (a.k.a. bulk capacitor) (Co2)

REDEXPERT DATA: WCAP-HSAH-875585345004

« Transient Specification:
1 kQ -

« Load current step: 1.5 to 3.5 A (1 A/ps) Hybrid-Polymer Capacitor
100 O :
\V/,+ undershoot < 100 mV o~ =
» Open-loop crossover frequency: 20 kHz 10 Q - i 1 ~
02_Min~ 3 fe-aVgy 2-20k0.1V o F L |
\-——/ ;
« (02 = WCAP-HSAH 875585345004 i
. 220 F, 16V, 17 mQ (@ 20 KHz) T =

Frequency

(*) See for reference: Switch-Mode Power Supplies: SPICE Simulations and Practical Designs, Second Edition McGraw-Hill Professional, 2014, written by C. Basso
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DESIGN CASE EXAMPLE: IMPACT OF BULK CAPACITOR
The plant or control-to-output transfer function of VM-CCM Buck with Co1 and Co2 (bulk capacitor)

Measured plant frequency response with Co7+Co2 (Bode100™)

* Bode plot of plant TF: 30 200
25
—~ 15 100
e fo=4kHz S 10 \ c
S 5 50
* Q=12 g 0 2
> o =
[ —
O fcselectlon range:15t0 80 kHZ EJO ................................................................................................................................................................................................................................................................ .50 8
'® -15 =
* Selected: 20 kHz © 20 | -100 5
_ . ST O O O O O 0 18 O SO SO R S8 150 8
¢ Magnitude: -8.44 dB, Phase: -146 .30 2
= .35 -200
e Target PM =60°
40 Frequency Mag (dB) Phase (deg) -250
* Required compensator phase lead: 116° :(5) “ 20 kHz 844 dB 14626 ° o0
100 1k 10k 100k
* Need of a type-3 compensator ... Frequency (Hz)
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DESIGN CASE EXAMPLE: IMPACT OF BULK CAPACITOR

Type-3 compensator design and frequency response

Compensator-1 circuit component values: Measured compensator-1 frequency response (Bode 100™)
35 ; 250
* R,=73.2KkQ 200
G =
C R|0W= 10 kQ H % 150 C
R, (G 2 100 9
« R,=68kQ 1 2 2
C 50 o
Vad 2 £
Ry =4.7 kQ . s 0 O
— £ =
C C»] = 470 pF N Vref R 8 -50 _g';
low ~ =
- C,=33pF 3 100
g 0 <
« (5=330pF s -150
-5 Frequency Mag (dB) Phase (deg) -200
Compensator 20 kHz 8,71 dB 206,26 °
. -10 : -250
Gain = 8.7 dB, Phase =~ 206°, Phase lead = 116° 100 Tk 10k 100k
Frequency (Hz)

(*) See for reference: Designing Control Loops for Linear and Switching Power Supplies: A Tutorial Guide, Artech House, 2012, written by C. Basso
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DESIGN CASE EXAMPLE: IMPACT OF BULK CAPACITOR

Open-loop response and stability margins: Co1+Co2 with compensator-1

Compensator-1 circuit component values: Measured open-loop frequency response with Co1+Co2 and compensator-1 (Bode 100™)
?2 : 160
. R,=732k0 50 20
G _» 100
* R,=10kQ I $ 40 80 o
R. G( _\g 35 0 o
« R,=68kQ +— 1+ R, 330 40 g
Vg €2 o &
* R3=4.7KkQ g 20 o g
+ 15 O
— £ 20 2
° C»] = 470 pF ™ Vref 8 10 -40 9
Rlow 8 > -60 S
- (C,=33pF 2 0 80 3
2 P o -5 100 £
_ < -10 420
C;=330pF 15 140
-20 Frequency Mag (dB) Phase (deg) -160
-25 Phase Margin 20,88 kHz 0dB 58,11° -180
-30 ’ -200
fC = 21 kHZ, PM = 58° and GM = 25 dB 100 1k 10k 100k
Frequency (Hz)
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DESIGN CASE EXAMPLE: IMPACT OF BULK CAPACITOR

Buck converter board and load transient response: Co1+Co2 with compensator-1

Load step: 1.5to 3.5 Aat 1A/us AWV, () Ly (1)
T

2 2.004f 3 1 100.0usf 0.0s Sto n £ 2

WURTH
ELEKTRONIK |
MORE THAN ™
YOU EXPECT

VIN=12V
UoUT=5V,3. 3V

UM Buck Converter
Evaluation Board

Prototype VM-CCM buck board with Co1 and Co2

V_: undershoot of 75 mV (maximum was 100 mV) \/
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DESIGN CASE EXAMPLE: IMPACT OF BULK CAPACITOR

Impedance curves: Co2 does not affect switching frequency ripple

Impedance over frequency of Co1, Co2 and total converter output impedance (L Tspice™)

* Range-1: f<f- (=20 kHz) 188 ~_
12dB .
Z,. set by closed control loop \\ Z¢o, dominates Z,
6dB \ o1
+ Range-2: 20 kHz < f < 300 kHz - T~ Zco,
B .
Z,.. set by Co2 o \\ ~~_ Zout
* Range-3:f> 300 kHz 12dB ~- \\
Z,,.setby Co1 -18dB - \\\\ ;
Ty
-24dB \\\ = \ ™
*  Fsw =400 kHz — Z,, -30d8 - ~_
~ —
-360B- & ~
* (o2 does not almost affect AV, — ~N
dB
* Relaxed transient requirement: *
480 B r—r]
e (Co2 can be removed 1KHz 10KHz 100KHz 1MHz
e RangE‘1 ;:4 Range_z :;< Range_3 ....... »
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DESIGN CASE EXAMPLE: IMPACT OF BULK CAPACITOR

Removing Co2 with compensator-1: unstable operation

200mvy 2 3 15.00us/ 12

Co2 removed ...

e QOscillation at 80 kHz
¢ Around 520 mV amplitude

Erratic behavior (turn switching on/off)

2 7 | HOW THE OUTPUT CAPACITOR CAN CAUSE INSTABILITY OF A POWER SUPPLY

ELEAZAR FALCO | 2024 |



DESIGN CASE EXAMPLE: IMPACT OF BULK CAPACITOR

LTspice™ transient simulation with averaged PWM switch model: unstable operation

Vinli

VMPWM_CCM N V(out): I{lload)
Vsaw={Vsaw} 5.7 — 11.0A
12v P
430.40496mV—— D A L _ P

4.9998531V
ve c 4/\0’\0/\1 » out
817.76947mV—a—<—vc P Col

[‘9 Transient_Averaged_COMP1_Col1_Set-valu

Cursor 1

17 Viout)
Iload Horz:|  242.45833ps Vert:|  5.3458461V
Cursor 2
Viout)
Horz:|  255.75ps Vert:|  5.3467716V

C3 i i Diff {Cursor2 - Cursor1)
|l { R2 4.7V b Horz:|  13.291667us Ve:[  925.475pv
;| 75.23511KHz Slope: 69.6282
§ R1 4.5V .
C1 4.3V
4'1"' T T T T T T T T - - T
Ops 30ps Blps 90ps 120ps 150ps 180ps 210ps 240ps 270ps

0.0A

e QOscillation at ~ 75 kHz
3.3 «  Amplitude ~ 550 mV

Type-3 Compensator with OP-AMP

In line with measurement ...

(*) See for reference: Switch-Mode Power Supplies: SPICE Simulations and Practical Designs, Second Edition McGraw-Hill Professional, 2014, written by C. Basso
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DESIGN CASE EXAMPLE: IMPACT OF BULK CAPACITOR

LTspice™ .AC simulation with averaged PWM switch model: open-loop response confirms instability

Vin

VMPWM_CCM n—
Vsaw={Vsaw} 56dB I — :V.:w.”‘. _ B . -
434.98775mV. p ARtV L R R .
4.999853\‘ Lo : Co pTrT

Ve C 4/\6\0'\1 out 42dB
826.47675mV—a————Vc P Col

Cursor 1

17 RL 35dB~ Vivol)
i 28dB- Freq:| 85.772591KHz | Mag:| 19.50563mdE @
Phase: | -5.7944207° O
21dB Group Delay: 1.8034888us
14dB= Cursor 2
TdB= - N/A- — NjA—
— N/A-
0d ~ N/A—
-7dB= ] rener r : : " Ratio {Cursor2 / Cursorl)
L : Lo : : : : —N/A- —NAA—
-14dB- L [ [ N F 2oe
[ : P oo —N/A-
-21dB~ R : e oottt g ® —N/A-
100k 284B ————r —— iy ———— ity 60°
rm\ . 100Hz 1KHz 10KHz 100KHz
— 100k
— X%r;. ® fc -~ 85 kHZ
- Unstable control loop confirmed ...
: . « PM-~-6°
AC Inject Type-3 Compensator with OP-AMP

(*) See for reference: Switch-Mode Power Supplies: SPICE Simulations and Practical Designs, Second Edition McGraw-Hill Professional, 2014, written by C. Basso
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DESIGN CASE EXAMPLE: IMPACT OF BULK CAPACITOR

How did the plant response change?

Plant TF with Co1+Co2 Plant TF with Co1 30 250
~ ~ 20 5
f,, =50 kHz f,, =8 MHz 200
10
for =4 kHz foo = 14 kHz 150
= 0
Q, =12 Q,=25 = " 100 &
= @
£ 0 50 &
(@)] [a W
©
S 30 0 5
£ O
S-')m_ 40 50 A
o -50
-100
-60
20 -150
-80 -200
100 1k 10k 100k

Frequency (Hz)
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DESIGN CASE EXAMPLE: IMPACT OF BULK CAPACITOR

How did the plant response change?

fc moved from 20 kHz to 85 kHz

Plant TF with Co1+Co2 Plant TF with Co1 30 — - 250
f,, = 50 kHz f,, =8 MHz 20 Higherl Gain 200
for = & kHz fop = 14 kHz " ¢ -
Q,=1.2 Q,=25 %_12 100 &
é -20 >0 g
5 &
Fixed compensator-1, Co2 removed ... =30 0 §
Higher gain — Higher crossover f G 40 50 &
«  Higher crossover: w0 More phase lag 100
« Higher phase lag (no ESR zero) : i 4150
* (Compensator: -80 -200
*  Maximum phase lead at 20 kHz b b Frequency (H2) o o

* Lower phase lead at 85 kHz
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DESIGN CASE EXAMPLE: IMPACT OF BULK CAPACITOR

Compensator redesign for stability without Co2

Compensator-2 circuit component values:

- R,=73.2k0

G
* Rygw=10kQ |

Rz C1 R3
* R,=4.7KkQ t— 1+ R,
* Ry=L47k0 Voo &
° C1 =6.8nF - 3 ; Vref R

low

« C,=470pF @
- (C,=330pF

fc =21 kHz, PM = 59.8° and GM = 18 dB

Stable, but much higher undershoot (0.52 V) due to no bulk capacitor ...
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DESIGN CASE EXAMPLE:
SAME CAPACITANCE - DIFFERENT ESR




DESIGN CASE EXAMPLE: IMPACT OF ESR

Specification and output capacitors

Vip =12V REDEXPERT DATA: WCAP-ATLI 860080474010
V. =33V .
* l=4A . Aluminum electrolytic capacitor
* F,,=400kHz
e L=4.7 pH (MAPI 74438367047) 100
e DAV, <0.4%o0f\V,, (i.e. 20 mV) & 10

* Use same Co1 for AV, as previous design

»  Bulk capacitor (Co3):
«  WCAP-ATLI 860080474010
e 220pF, 25V, 75mQ (@ 30 kHz)

o 8 308 kHz 1 e 1
\i “* &3“% s 5

K M

Frequency
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DESIGN CASE EXAMPLE: IMPACT OF ESR

Open-loop response and stability margins: Co1+Co3 and compensator-3

Compensator-3 design (f.=30 kHz, PM>50°) Measured open-loop frequency response with Co1+Co3 and compensator-3 at 2.5 A (Bode 100™)
80 : 100
° = 70 W 80
R,=45.5kQ . 60
_ = 40
* Riow=10kQ S 50 20 &
@ o
« R,=73.2kQ E 40 0 %f
c -20
o 30 -
« R;=13Kk0Q © 40 ‘®
B E 20 22 L.g
« (C,=150pF . S 10 80 8
« (,=33pF . % 0 : 100 2
’ g-10 120 &
° C3 = 100 pF = 0 -140
230 Frequency Mag (dB) Phase (deg) -160
Phase Margin 29,67 kHz 0dB 52,48 © -180
-40 : -200
fc =30 kHz, PM = 52.5° and GM = 15 dB 100 1k 10k 100k
Frequency (Hz)
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DESIGN CASE EXAMPLE: IMPACT OF ESR

Transient response with Co1+Co3 and compensator-3

Compensator-3 circuit component values: Load step: 1.2t0 2.7 Aat 1 A/ (Ve (), e ()
2 3 20.00usf 0.0s Auto + 2 2.47A Lok
« R,=45.5KkQ -
C2 50.0m Min1):
* Rygw=10kQ |
Rz C1 R3
« R,=73.2kQ +— 1+ R,
« Ry=13k0 e CT
- C,=150pF T O Ve -
low
« (,=33pF

Undershoot ~ 85 mV
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DESIGN CASE EXAMPLE: IMPACT OF ESR
Replacing Co3 by an equivalent SMD, low-profile part (Co4)

Typical requirements change: REDEXPERT DATA: WCAP-PHGP 875015119006
«  THTtoSMT 140
H-chip polymer capacitor

. "0

* Mechanical constraints
* Stock availability

* (Costreduction

Example: All-SMT, Max. Height 4 mm
*  Co4: WCAP-PHGP 875015119006

* H-chip polymer, SMT, height: 2 mm
1 mil
° 220 |JF, 6.3 V, 6 m(Q (@ 30 kHZ) .\-\Tﬁ\xz‘z J\\g{v _@“}\\-\‘fg& ﬁ@g\’, 4\%51, \@Q\l.
(o3 replaced by Co4 A B
. ' Freguency
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DESIGN CASE EXAMPLE: IMPACT OF ESR

Buck converter board and open-loop response with Co1+Co4 and compensator-3

Measured open-loop frequency response with Co 7+Co4 and compensator-3 at 2.5 A (Bode 100™)

60 W 200
3 r e |
WURTH ]j 160
VoUExeteT  CO4 w 3 ~
Sl 120 —
Co1 g p
LU pepram— 520 100 §
| | | =
l:| e e € Ccﬂ 10 80 %
§ 60 ‘©
0 (U]
5 20 =
©
L? -10 : 20 %
P =N SO ASSPROTON AU MOV OO OO0 OO0 O WU PPN MOV NP OO ; ~
) -20 0 %
3 22 é 20 £
VIN=12V % M < -30 e
| UOUT=5V.3.3V A = 20 : -40
- x = -
UM Buck Converter — -60
i Eval:auo: goard 50 Frequency Mag (dB) Phase (deg) 80
S . > - . Phase Margin 18,2 kHz 0dB 2,91° -
e e 60 : -100
100 1k 10k 100k

Frequency (Hz)

Prototype VM-CCM buck board with Co1, Co3 and Co4
PM below 10° - On the brink of instability !
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DESIGN CASE EXAMPLE: IMPACT OF ESR

Small load transient steps

2 100mAf 3 650.0us/  130.0us/

Small load transient step:

® From2.15Ato 2.3 A ; | ! i ‘r'uﬂinlj:'l:]:

32734V |

* Load step up: decaying oscillation , | REOR
* Load step-down: permanent oscillation - | 1in —
* Above ~ 2.2 A — Stable

* Below ~ 2.2 A — Unstable

« Oscillation frequency = 17.5 kHz

* Remember OL crossover f- = 18 kHz
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DESIGN CASE EXAMPLE: IMPACT OF ESR

Power-up at 1.2 A load: Oscillation and erratic behavior

Behavior after single load step 1.2 to 1.9 A at 1 A/us (Ve () Ly

1.004F A00.0msd  79.00us! Stop £ 2 10rn,

=l [ 1 100 2 1.004f 3 4 26.00usf 0.0s

_________________________________________________________

337000

147 a0m* -147 S0my

! 54310k s

Unstable operation at constant 1.2 A load Erratic behavior after a small load transient applied
Oscillation at ~ 16.5 kHz with amplitude ~ 150 mV Oscillation at ~ 17 kHz with amplitude ~ 150 mV
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DESIGN CASE EXAMPLE: IMPACT OF ESR

How did the plant response change?

fc reduced from 30 kHz to 18 kHz

. . O - lo)
Plant TF with Co1+Co3 Plant TF with Co1+Co4 30 ; 250
f,, =9 kHz f,, = 100 kHz 20 200
10
150
@ 0 ;
o =N Y Y O 0 O A O . e S O 0 1 1S 100 —
+ fyand Q are similar g1 e
. E =20 f 50 2
Replacing Co3 by Co4 ... S Faster roll-off \ T
_ S 230 Lower gain 0 .%
¢ Lower gain — Lower crossover f = ’ S~ O
T -40 : N
O ; . - o
° . i i Higher ESR zero f 50
Lower crossover (18 kHz): = - Morephaselag
0 . -100
« Higher phase lag (higher f,) -60
-150
« (Compensator: 70
* Lower phase lead at 18 kHz -80 -200
100 1k 10k 100k

Frequency (Hz)
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DESIGN CASE EXAMPLE: IMPACT OF ESR

Compensator redesign for stability with Co1+Co4

- ' [ : Measured open-loop frequency response with Co1+Co4 and compensator-4 at 2.5 A (Bode 100™,
Compensator-4 circuit component values d loop fi h d (Bod )
70 v 5 120
« R,=45.5Kk0 60 100
G @ 5 80

C R|0W= 10 kQ H Z ] 60 >
Rz C1 § 40 ............................................................ %
° R2 =73.2kQ 4,_:'_”_. R, é 20 ; 0 £
Vaa ° 20 %
« R3=27KkQ % 20 O
+ £ 0 =
—d © [®)]
C C1 = 220 pF N Vref E 10 -20 §
Rlow % 0 g
° - - 40 ©
C,=33pF = £

< -10 -60

® C3 = 330 pF -20 Frequency Mag (dB) Phase (deg) -80

Phase Margin 29,58 kHz 0dB 55,68 °
-30 : -100
100 1k 10k 100k
fc = 30 kHz, PM = 55° and GM = 25 dB Frequency (Hz)
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DESIGN CASE EXAMPLE: IMPACT OF ESR

Transient response with Co1+Co4 and compensator-4

Compensator-4 circuit component values:

30mY 2 2004/

- R,=455k0

® R|OW = 10 kQ H
Rz C1 R3
« R,=73.2kQ +— 1+ R,

R, = 2.7 kQ Voo G
C, =220 pF ] Ve
C,=33pF

Cy=330pF

RIow

Undershoot ~ 45 mV/

Lower undershoot than Co3, thanks to lower ESR
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A STABLE CONTROL LOOP FOR A WIDE
RANGE OF OUTPUT CAPACITORS?




A STABLE CONTROL-LOOP FOR ANY OUTPUT CAPACITOR?

The plant response with different capacitors

45 |

Co1 only Co1+Co2 Co1+Co3

* (o4 not shown — Very similar to Co2

* Below f=1kHz:
« Plant dominated by G,= 17 dB (=7)
* No effect of fyand f,
« Little to no phase lag

*  What if we select f. below 1 kHz?

HOW THE OUTPUT CAPACITOR CAN CAUSE INSTABILITY OF A POWER SUPPLY
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Plant (dB): Gain Magnitude (dB)

30
25
20
15
10

-10
-15
-20
-25
-30
-35
-40
-45
-50
-55
-60

Measured plant frequency response with Co1, Co1+Co2 and Co1+Co3 (Bode 100™)

200
\ 150

250

\ 100

50

100 1k

g J
~ Frequency (Hz)

Little to no phase lag of the plant

10k

Plant (°): Gain Phase (°)



A STABLE CONTROL-LOOP FOR ANY OUTPUT CAPACITOR?

A type-1 compensator for 1 kHz crossover frequency

Type-1 compensator frequency response with R,=73.2 kQ and C,=15 nF (MATLAB™)

° T\/[)E-1 Compensator type-1 compensator Vouls) 50
m
* Integrator C,-R, C, 2
[ §=)
+ High DC-gain ! Ri 2
Vaq ob
* No phase lead s S
Vifs) ———< .
* Phase margin ~ 90° Vref . 10° 10’ 107 103 10%
low
Frequency (Hz)
180
* R;andRy, setV,,=5V
— 135
* (, calculated for f.=1 kHz: g %0
- & L
C1: O - :’ISnF 0 N R AR R I S S 2
2-fe Ry 2 1k-73.2k 10° 10" 102 103 10%

Frequency (Hz)
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A STABLE CONTROL-LOOP FOR ANY OUTPUT CAPACITOR?

Open-loop response and phase margin

Co1 only Co1+Co2 Co1+Co3 Co1 only Co1+Co2 Co1+Co3
30 100
2 gnitude (dB) o0 e | Phase() |
15 70
o 10 60
T 50
3 0 < 40
2 g 30
c 20
-10 = 10
=15 £ 0
% -20 9 10
9 -25 & 20
@ -30 = 30
2 35 °
O -40 -50
-45 -60
-50 Frequency Col Col1+Co2 Co1+Co3 -70 Frequency Col Co1+Co2 Col1+Co3 \'\.J
-55 1,14 kHz -270,41 mdB 165,4 mdB 0dB -80 Phase Margin 1,14 kHz 88,59 ° 80,59 ° 80,67 °
-60 . -90 =
100 1k 10k 100 1k 10k
Frequency (Hz) Frequency (Hz)
Crossover frequency f- ~ 1 to 1.2 kHz Minimum phase margin ~ 80°
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A STABLE CONTROL-LOOP FOR ANY OUTPUT CAPACITOR?

Transient response for Co2 and Co3 cases with type-1 compensator

Co1+Co2 Co1+Co3

200mvF 2 1.004f a 200 Ousf 100.0us Stop 2 A, Lok,

200myy 2 1.004/¢ 3 200.0usf  100.0us Stop 2 1874 L

ing1):

Load step: 1.2to 2.4 Aat 1 A/us (Ve () Ly (1) Loadstep: 1.2to 2.4 Aat 1A/us (V. (), L, (1)

Despite smaller load step: longer settling time and higher undershoot than before. Degraded transient performance.
There is a small underdamped oscillation with Co2 and not with Co3, despite same phase margin ~ 80° ... Let us see ...
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A STABLE CONTROL-LOOP FOR ANY OUTPUT CAPACITOR?

Transient response for Co1-only case: underdamped oscillation despite high phase margin

Co1 only
200mMd 2 1.00AF 3 100.0us/  70.00us Stap Lk, fo

30 250

25

20 _/// 200
15
o
g 10 150
v 5 <
= . 100 ®
c -5 <
()]
g0 0 T

e = c1s g
13.514kHz g -20 0 PXY

. =25 %
2 30 0 5
= 35 e
g -40 100

-45

\u

50 - -150

-55

-60 -200

100 1k 10k 14 kHz

o : Frequency (Hz)
Load step: 1.2to 2.4 Aat 1 A/us (Ve () 1oy (1)

Stable, but with some underdamped oscillation at ~ 14 kHz
LC resonant double-pole with Co1-only is at ~ 14 kHz with a Quality factor ~ 2.5
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A STABLE CONTROL-LOOP FOR ANY OUTPUT CAPACITOR?

Lack of gain of control system above crossover

30

* Closed-loop bandwidth fc ¢ = f o ;5)

15 Control system has no gain here

* No gain above f¢ 10

»  System cannot correct for oscillations above f

-10
-15
20
.25
-30
.35
-40
-45
-50 Frequency Co1 Co1+Co2 Co1+Co3
-55 m 1,14 kHz 270,41 mdB 1654 mdB 0dB

-60

* Issues for high Q (underdamped double-pole)
* Very high Q — Could cross over again at 0 dB!

OL (dB): Gain Magnitude (dB)

*  Must be careful with Q if using this approach!

100 1k 10k
Frequency (Hz)
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SUMMARY - KEY TAKEAWAYS
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SUMMARY AND KEY TAKEAWAYS

«  Output capacitor(s) parameters shape the converter plant transfer function: Capacitance and ESR values
* For a fixed compensator, changes in the output capacitors will affect the stability margins

» Transient performance degradation and even full-blown instability are possible

« Always check feedback loop stability margins after changes in output capacitor(s)

* Redesign compensator to keep good stability margins

« Very-low crossover frequency: stability for many different output capacitor and power inductors

* But... degraded transient response and oscillation for high quality factors

« A compensator tailored to a specific plant characteristic will provide the best performance

5 2 | HOW THE OUTPUT CAPACITOR CAN CAUSE INSTABILITY OF A POWER SUPPLY

ELEAZAR FALCO | 2024 |




THANK YOU FOR YOUR ATTENTION!
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